Abstract: Immunohistochemical techniques have gained increasing importance in diagnostics and research. While formalinfixed, paraffin-embedded human tissue retains excellent morphology, the detection of antigens by immunofluorescence in its sections and especially the demonstration of multiple simultaneous antibodies have limitations. Double immunofluorescence labeling of routinely processed paraffin sections has been described previously. The signal intensity observed after triple labeling has been reported to be significantly inferior to that obtained by application of double fluorochromes. The authors show multicolor labeling of three and four primary antibodies in routinely processed paraffin-embedded tissue sections using a standardized immunofluorescence technique. In addition, procedures to reduce background staining and to avoid nonspecific double staining are described.
I mmunohistochemical techniques have always had a major impact on diagnostics as well as research in pathology. Most studies on paraffin-embedded tissue sections involve immunostaining of single antigens. However, some questions can be answered only if double or multiparameter IHC techniques are used-for example, when co-localization of molecular markers is analyzed. Double immunofluorescence labeling on paraffin sections for detection of two different cell types or proteins had been described previously, 1 but the explanatory power of this technique is also limited; for example, to illustrate the interactions between tight junctions of the epithelium (eg, E-cadherin and b-catenin) and inflammatory cells (eg, B cells and T cells), more than two parameters are necessary. Here we show multiparameter fluorescence labeling of three and four primary antibodies with the use of up to three secondary antibodies on routinely processed paraffin-embedded tissue sections using a standardized immunofluorescence technique with the aid of optimized procedures to reduce background staining and nonspecific staining patterns.
MATERIALS AND METHODS
Tissues were obtained from the routine diagnostic service of the Institute of Pathology, University of Regensburg. All tissues had been fixed in 4% buffered formalin and embedded in paraffin by conventional techniques. Tissue sections were cut in 2-to 5-mm slices and transferred onto coated slides (Super Frost Plus, Menzel-Gla¨ser, Braunschweig, Germany). Sections were dewaxed in an incubator for 30 minutes at 721C. They were then treated in xylene (2 Â 10 minutes) and graduated alcohol (2 Â 5 minutes, 100%; 2 Â 5 minutes, 96%; and 2 Â 5 minutes, 70%) and rinsed for 5 minutes in distilled water. Pretreatment occurred in a water bath for 40 minutes at 901C in 0.1 M sodium citrate (pH 7.2). These pretreated slides were blocked for 20 minutes at room temperature with 20% BSA and then incubated at 41C overnight with mixtures of three or four primary antibodies. The optimal dilution of each antibody had been established before by single immuno-enzymatic staining using conventional techniques (two-stage immunoperoxidase technique [DAB] ) and single immunofluorescence staining. Antibodies combined were from different species or different subclasses, or their recognized antigen was of a different intracellular location. The primary and secondary antibodies used in this study are listed in Table  1 . After overnight incubation, slides were washed in PBS once and incubated in the dark for 1 hour at 371C with secondary antibodies (specific for the appropriate species, isotype, or subclass; Images were acquired using a cooled Princeton Instrument MicroMax RTE/CCD-1317-K1 monochrome CCD camera (Rober Scientific, Trenton, NJ). Imaging, control of the filter set-up, and processing of the images were done using the MetaMorph 4.6r9 software (Visitron Systems, Imaging Spectroscopy, Puchheim, Germany). Each fluorochrome was imaged separately and the resulting images were then pseudocolored and merged.
RESULTS
Multiparameter immunostaining of tissue sections is needed when conventional immunoenzymatic methods or consecutive slides fail, as in investigating the co-localization of multiple molecular markers. Multiparameter immunostaining is a process comprising numerous consecutive steps, each of which has an extensive impact on the result. There are numerous possible antibodies that can be used in multiparameter immunofluorescence, and there is a high possibility of interference with each other or production of unspecific reactions. In normal and inflamed colonic mucosa we showed simultaneous staining of B lymphocytes and T cells in the lamina propria and their correlation to the transmembrane glycoprotein E-cadherin and the adhesion protein b-catenin in the epithelium by four different primary and two different secondary antibodies (Figs. 1A, B) . Also the wall of an arterial vessel could be illustrated by multiparameter immunofluorescence with three primary (actin, desmin, and factor 8) and three secondary antibodies (Fig. 1C) .
Nonspecific Staining
Nonspecific tissue staining has traditionally been considered an obstacle in labeling paraffin-embedded sections using immunofluorescence techniques. While formalin fixation and paraffin embedding preserve excellent morphology, the IHC detection of antigens may be affected adversely. However, there are reports on the use of immunofluorescence techniques to label antigens in paraffin-embedded sections of human tissue, including dual labeling for pairs of antigens [2] [3] [4] [5] [6] and double immunofluorescence labeling. 1 The following steps can help avoid nonspecific staining:
Selected primary antibodies should be derived from different species. Primary antibodies should be established using conventional IHC technique first, including pretreatment in a water bath. Independent of the buffer used pretreatment in a water bath creates reduced nonspecific staining compared with microwaves and ''hot water'' for heating the applied buffer. During incubation of the slides at 41C overnight with mixtures of three or four primary antibodies, it is necessary to avoid dilution of the single antibody concentration.
Cross-reaction between primary and secondary antibodies must be prevented by paying attention to species specificity; in some cases the sequence of secondary antibody addition may be decisive. Therefore, in some combinations, the order of added secondary antibodies must be observed to avoid nonspecific staining, especially if some primary and secondary antibodies are derived from the same species.
Representative examples of multiple-antibody staining are shown in Figure 1 . 
Background Staining
Simultaneous detection of two antigens usually requires primary antibodies from two different species or a hapten modification of one of the antibodies if they are derived from the same species. Teramoto et al described the simultaneous immunodetection of two mouse monoclonal antibodies, but in our view it is not sufficient to show fine intracellular localization only. 7 In our approach every primary antibody was established using conventional IHC technique first and was then applicable to every tissue sample. In contrast, with the tyramide signal amplification method the individual testing of every primary antibody for each tissue type must be considered. 8 Also, by using this procedure, in addition to the specific signal, there is remarkable amplification of nonspecific background.
Important staining variables that need to be optimized to reduce background staining include the concentrations and choice of primary and secondary antibodies, the time of incubation, and the choice of blocking solution (BSA or goat serum). In our hands, incubation of slides at 41C overnight and optimizing the concentration of secondary antibodies were most important. Figure 2 shows examples of nonoptimized concentrations of antibodies and blocking solution.
Negative Controls
The possibility of nonspecific reactivity between primary and secondary antibodies was ruled out by performing the following control experiments. For polyclonal primary antibodies, a mixture of binding protein and primary antibody (10-fold surplus of binding protein) was prepared and all secondary antibodies were added; no signal should be detectable. For monoclonal primary antibodies, a nonspecific IgG control was taken and a mixture of all secondary antibodies was added; no signal should be detectable.
DISCUSSION
In the past, weak signal intensity, unpredictable labeling, and nonspecific background may have contributed to the belief that multiparameter immunofluorescence on routinely processed formalin-fixed paraffinembedded tissue sections is not feasible. Our method requires primary antibodies of different isotype or species, which limits the range of antigens that can be detected in combination at present. The production of other primary antibodies may reduce this restriction in future. In addition, we have optimized the pretreatment of paraffin slides and the concentration and combination of primary and secondary antibodies to reduce nonspecific and background staining. Using the negative controls mentioned, the possibility of nonspecific reactivity between primary and secondary antibodies can be ruled out.
Other reports of immunofluorescence studies have used confocal microscopy to record results. [9] [10] [11] In contrast, our technique uses a conventional fluorescence microscope, which is available in routine diagnostic laboratories (eg, for the analysis of fluorescence in situ hybridization).
In summary, multiparameter immunofluorescence labeling for antigenic markers in routinely processed formalin-fixed and paraffin-embedded tissue is suitable for visualization of three and more markers on the same tissue section with specific binding of all primary and secondary antibodies used and negligible background staining. This method can contribute to the comprehension of multiple molecular interactions. (Fig. 1A IV and B IV) .
